We propose and demonstrate a chromatic dispersion (CD) monitoring technique for a nonreturn-to-zero differential phase-shift keying (NRZ-DPSK) signal generated with a Mach-Zehnder modulator at 40 Gb/s by analyzing the waveform overshoot after transmission. Without demodulating the NRZ-DPSK signal, the CD up to 120 ps/nm is monitored experimentally via the amplitude of the overshoot. Furthermore, based on the asynchronous amplitude histogram (AAH) evaluation method, a novel histogram processing method, which is more convenient, is proposed and investigated. Experimental results show that the monitoring scheme for CD is independent of optical signal-to-noise ratio (OSNR) within a certain range. This technique needs neither demodulating the signal nor extracting the synchronous clock, and it can be applied to high-order modulation formats at different bit rates.
Introduction
Accurate chromatic dispersion (CD) monitoring is essential for optical communication system in order to achieve adaptive and exact dispersion compensation [1] . Various optical CD monitoring techniques have been proposed, such as 1) using asynchronous delay-tap sampling and extracting the parameters from the scattering plot [2] - [4] ; 2) measuring the average variance of the received optical power [5] ; 3) analyzing the radio-frequency (RF) power spectrum or clock tone after received with a photo-detector [6] - [8] ; 4) utilizing the cross-phase modulation effect between the input signal and the inserted continuous-wave probe and investigating the output probe channel [9] , [10] ; and 5) inserting in-band subcarriers in the transmitter and monitoring their RF tones [11] . The asynchronous amplitude histogram (AAH) evaluation is a promising method for low-cost performance monitoring; it is easy to implement and does not need clock recovery [12] . Several AAH evaluation approaches have been reported for CD monitoring, such as 1) exploiting chirp-induced phase-toamplitude modulation for the nonreturn-to-zero differential phase-shift keying (NRZ-DPSK) signal generated by the phase modulator [12] ; 2) tracking the intensities at the valley of the waveform before demodulation for the return-to-zero DPSK (RZ-DPSK) signal [13] , [14] ; and 3) using an artificial neural network trained with AAH [15] . In practical optical communication system, the phase-modulated signals are mainly generated by a Mach-Zehnder modulator (MZM) for the low chirping characteristic. In this paper, we use the AAH method to monitor CD via the amplitude of the overshoot after transmission for an MZM-modulated NRZ-DPSK signal.
On the other hand, many AAH evaluation approaches followed the method suggested by Carl et al. [16] , mirroring the outer slope of the histogram of the marks to get a bell-shaped curve, from which Gaussian fitting can be done [17] - [19] . However, there still exists a difficult point on how to determine the appropriate symmetry axis to mirror the outer slope of the histogram to get a bellshaped curve, since the curve is not always symmetry according to its peak in the AAH.
In this paper, a simple method for CD monitoring by using the amplitude of the overshoot is proposed and demonstrated. We further propose a different histogram processing method, which extracts the required parameters directly from a part of the outer slope of the histogram without mirroring the outer slope. The impact of an optical signal-to-noise ratio (OSNR) on the monitoring results for the NRZ-DPSK signal is also investigated. This scheme can be easily operated without extracting synchronous clock. It has the potential to be applied to an NRZ phase-modulated signal at higher bit rates and other advanced modulation formats.
Principle and Operation

Operation Principle for Monitoring
Generally, the NRZ-DPSK signal is generated by an MZM, which always produces an exact B[ phase-jump at the expense of residual optical intensity dip located in a phase transition point [20] . Considering a fiber-optical transmission system with a DPSK signal, the envelope of the electric field is expressed as
where a k 2 fÀ1; 1g are information symbols that are independently and identically distributed, T s is the symbol period, and gðt Þ is the pulse shape
Generally, for an NRZ-DPSK signal, m ! 5, and gðt Þ is regarded as a super-Gaussian pulse or even a square pulse. Consecutive pulses with unchanged phase can be considered as a wide super-Gaussian pulse.
Neglecting the attenuation and nonlinear effect of fiber, it is known that a Gaussian-shaped pulse still remains Gaussian shape when deteriorated by the CD [21] . However, it is rather different for a super-Gaussian-shaped pulse after impaired by CD. The simulated results are presented in Fig. 1(a) using the commercial software Virtual Photonics Inc. (VPI). Super-Gaussian pulses before and after transmitting through a single-mode fiber (SMF) are illustrated in blue-solid and red-dash curves, respectively. The simulated results show that there exist overshoots at both the rising and trailing edges of the pulses, and it looks like ear of the pulse. With increasing of CD, the amplitude of the overshoot will increase accordingly [as indicated by the arrow i) in Fig. 1(a) ]. On the other hand, the rising and trailing time of the pulse increases, and the upper part of the pulse becomes narrow [as indicated by the arrow ii) in Fig. 1(a) ] while the lower part of the pulse is broadened by CD [as indicated by the arrow iii) in Fig. 1(a) ]. Meanwhile, tiny ripples appear along with the large overshoots.
For the NRZ-DPSK signal impaired by CD, the pulses gðtÞ are broadened. This induces destructive interference at the boundary between the two bits with opposite phases, as shown in Fig. 1(b) . As a result, the intensity of the dips remains zero, and the overshoot increases with increasing of CD. However, the destructive interference at the boundary does not induce variation of the overshoot amplitude, which relates to the CD. Hence, the amplitude of the overshoot is used to monitor the CD of fiber. The overshoot and the dip in the NRZ-DPSK waveform are indicated by BA[ and BB,[ respectively. The amplitude of the overshoot is defined as h CD .
Then, the parameter F CD is introduced, which is the function of the accumulated CD
where P 0 is the amplitude of the original NRZ-DPSK signal, and h CD is the amplitude of the overshoot. The AAH evaluation method is used to measure h CD . The histogram and the eye diagram of the NRZ-DPSK signal impaired by the CD are illustrated in Fig. 2 (a) and (b), respectively. There are three peaks in the histogram, which represent three intensity levels of the NRZ-DPSK waveform, respectively. In Fig. 2 (a), peak B is yielded due to the intensity dip in the NRZ-DPSK waveform. The position of peak B remains near zero because of the destructive interference between the neighboring bits with B[ phase difference. Peak C is corresponding to the amplitude of the signal [i.e., P 0 in (3)]. The variance of peak C is the result of the amplified spontaneous emitted (ASE) noise and the tiny ripple in the waveform induced by the CD. Peak A presents the overshoot of the NRZ-DPSK signal. The location of peak A responds to the CD.
Mathematical Algorithm
Peak A in the AAH is used for curve fitting to measure the dispersion. As shown in Fig. 2(a) , the three obvious peaks in the AAH are considered as the summation of three Gaussian-shaped curves. The following task is to determine the location of peak A. To solve this problem, many people follow the method suggested by Carl et al. [16] , mirroring the outer slope of the histogram of the marks to get a bell-shaped curve, from which Gaussian fitting can be done. However, it is rather difficult to determine the proper symmetry axis, since the symmetry axis is not always located at peak A in the AAH. Furthermore, it is hard to identify the symmetry axis when the OSNR is low, since peak A is submerged by peak C [see Fig. 3(b) ]. Here, a different method is proposed to get the parameters from the AAH. This method extends the tolerance of OSNR for curve fitting. In fact, each of the peaks in AAH is not a perfect Gaussian shape because of the superposition between the adjacent peaks, whereas the outside part of peak A in AAH is free from the overlap disturbing. Thus, the accurate parameter can be got from this part of the incomplete Gaussian distribution.
The envelope of the AAH is defined as parametery , uninfluenced region is set as ½x min ;
2 ÞÞ is configured, which is determined by three parameters ½M; ; . is considered as the location of peak A if f ðx Þ matches well with peak A in the AAH. In this scheme, only a part of incomplete Gaussian distribution in the AAH is needed to match peak A with f ðx Þ nicely. The final task of the work is to make f ðx Þ to match the AAH within the region ½x min ; x max as accurate as possible. In other words, the appropriate parameters ½M; ; in 3-D space should be calculated out to get the minimum of norm kf À y k. kf À y k is defined as
where x i is the sliced points from x min to x max , and y i is the point from AAH. In this paper, the nonlinear conjugate gradient method with an iteration process is taken to get the optimal parameters. As illustrated in Fig. 3(a) , the region ½x min ; x max is defined as the section between two vertical lines, which are shown in green-dash. In practical, a larger region achieves a faster iteration process to reach convergence. However, the larger region will comprise more noise. In this paper, x min is at the 90% of the maximum of peak A [i.e., h A in Fig. 3(a) ], whereas x max is at the 10% of h A . The fitted curve is an ideal Gaussian shape, which is marked in red-solid. The fitted curve fits well with AAH plot in the region ½x min ; x max . Hence, the parameters of peak A are obtained from the Gaussian-shaped curve.
However, it is unconceivable to determine the symmetry axis directly using the previous method, when the OSNR is too low and peak A is buried in peak C, as shown in Fig. 3(b) . Fortunately, the inflection point A in the AAH can still be easily found. In this technique, the height of the inflection point can also be intended as h A , which is similar to the maximum of peak A in Fig. 3(a) . The region from 10% to 90% of h A is used for Gaussian curve fitting. Before iteration, is initialized with an estimated value around the location of peak A (or the inflection point if peak A is buried in peak C). An accurate value can be got after the iteration process. However, this method is not suitable yet when the OSNR is too low.
Experiment and Result
The proposed monitoring technique for 40-Gb/s NRZ-DPSK systems is shown in Fig. 4 . A distributed feedback (DFB) laser operating at 1554.28 nm is externally modulated to a DPSK signal by a LiNbO 3 MZM, which is driven by a 2 31 À 1 pseudorandom binary sequence signal at 39.81 Gb/s. An erbium-doped fiber amplifier (EDFA1) and a variable optical attenuator (VOA1) are used to adjust the optical power to 0 dBm, ensuring the negligible nonlinear effects in the fiber. A preset CD is realized by using a standard SMF with premeasured length. At the end of the fiber, the OSNR of the optical signal is adjusted by tuning the following VOA2 before EDFA2. The optical power is adjusted to 0 dBm again by the next VOA3. The OSNR is measured by the Auristsu MS9710C optical spectrum analyzer (OSA) with 0.1-nm resolution. Finally, the optical signal without demodulation is directly detected and analyzed by an Agilent 86100C digital optical sampling oscilloscope (OSO), which contains an electric filter with bandwidth of 39.8 GHz to eliminate the redundant ASE noise. 1350 points are got out from the oscilloscope every time, and 10 times are repeated to construct the histogram.
The eye diagram and its corresponding AAH of the signal are illustrated in Fig. 5(a)-(c) . Fig. 5 (a) shows the eye diagram and AAH of the original NRZ-DPSK signal. There are two clear peaks in the AAH, which represent the amplitude and the intensity dip of the NRZ-DPSK signal, respectively. Fig. 5(b) and (c) shows the eye diagrams and AAHs of the signal transmitting through a span of 3-and 5-km SMF, respectively. Compared with Fig. 5(a)-(c) presents an overshoot in the eye diagram, and a peak appears accordingly in the AAH. The amplitude of the overshoot increases with the increase in the fiber length, and peak A in the AAH moves far away from peak C gradually. Fig. 5(d) shows the AAH for Gaussian curve fitting; the AAH is regarded as the combination of three Gaussian-shaped pulses presented as a yellow dash, a pink dot, and solid red, respectively. Gaussian curve fitting for the AAH is performed with the method proposed in Section 2. Fig. 6 shows the results of F CD under different CDs for NRZ-DPSK system when the OSNR is 35 dB. F CD changes by around 2 dB when the CD varies from 0 to 120 ps/nm. When the CD increases to 120 ps/nm or more, the eye diagrams of the signals become closed with increasing of CD, and the AAH got from the asynchronous samplings become vague. This limits the monitoring range. The inserting pictures (a)-(i) show the eye diagrams of NRZ-DPSK signals with different CDs. The amplitude of the overshoot in the eye diagram increases with increasing of CD monotonically when CD increases from 0 to 120 ps/nm, and the eye opening decreases accordingly.
Discussion
The ASE noise induced by the transmission link broadens the peaks in the AAH, but it does not change the locations of the peaks. In this paper, only the locations of the peaks in AAH are used to get precise monitoring result from the signals. The impact of OSNR on CD monitoring results is also experimentally investigated.
The measured results for CD under different OSNRs of 20, 25, 30, and 35 dB are illustrated in Fig. 7 . The technique works well for OSNR higher than 20 dB. The plots are closer when OSNRs The effects of PMD and phase noise affect the performance of the method. The PMD-induced overlap cannot result in destructive or constructive interference between the two orthogonal polarizations. As the overshoot in the NRZ-DPSK signal has been raised by the CD, the additional PMD reduces the amplitude of the overshoot due to the misalignment between two orthogonal polarizations. As a result, the amplitude of the overshoot increases with increasing of CD while it decreases with an increase of differential group delay (DGD). However, the influence of PMD can be eliminated when the polarization state of the incoming signal is aligned with one of the two principal states of polarization (PSPs) of the fiber.
The phase noise of the signal is converted into intensity noise after propagating through a section of dispersion fiber, and the intensity noise induces the degradation of the OSNR. Whereas, in this manuscript, the data processing method extends the OSNR tolerance compared with the previous method. Thus, the phase noise has little effect on the monitoring results.
The electric filter contained in the OSO is used to eliminate the redundant ASE noise. However, it changes the monitoring results simultaneously, since the electric filter changes the waveform of the signal. More specifically, a narrow-band filter increases the rising and trailing time of the pulse. As a result, the amplitude of the overshoot changes more slowly with CD. This extends the tolerance of CD and increases the monitoring range. As a result, a larger monitoring range is achieved in the existence of a narrow-bandwidth filter, at the expense of lower monitoring sensitivity. The monitoring results are still fixed when the effect of the filter in the system is considered.
The proposed scheme is also suitable for differential quadrature phase-shift keying (DQPSK) format generated by nested MZMs. From the point of view of a linear system, the electric field of the NRZ-DQPSK signal is recognized as a combination of two coherent NRZ-DPSK signals, which carry independent data. The eye diagram and corresponding AAH of the CD-impaired NRZ-DQPSK signal are illustrated in Fig. 8(a) and (b) , respectively. There are two heights of overshoots and two depths of dips in the NRZ-DQPSK signal. Five peaks in the AAH are corresponding to five intensity levels in the NRZ-DQPSK waveform. The larger overshoot [point A in Fig. 8(b) ] can be used to monitor the CD for NRZ-DQPSK system similar to NRZ-DPSK system. The monitoring range is different for these NRZ phase-modulated signals, since the CD is monitored based on the AAH evaluation method. The impact of CD rises precipitously as the square of the symbol rate, and the monitoring range is reduced accordingly. 
Conclusion
In this paper, a simple CD monitoring technique for NRZ-DPSK system has been proposed and demonstrated based on the AAH evaluation method. The CD is measured within a range of 0-120 ps/nm experimentally by measuring the amplitude of the overshoot of the NRZ-DPSK signal. The impact of OSNR on the CD monitoring result is also investigated. In the part of the AAH evaluation, the AAH is fitted with a nonlinear conjugate gradient method by constructing the optimal function at an appropriate region, making the treatment more convenient and reliable. The scheme can be applied to different bit rates, and it has the potential to be easily applied to MZM-generated high-order NRZ phase-modulated signals.
